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FIG. 4. Swelling vacuoles do not produce open figure eight structures or a vacuole inheritance defect. Wild-type yeast cells were incubated in 100 mM imidazole
(a) or 0.8 pg of rapamycin per ml (b), as described in Materials and Methods, and compared with untreated vac7-1 cells (c). (d) Vacuole morphology of a vac7 vps17
double mutant. To visualize vacuoles, all cells were labeled with 80 uM FM4-64 for 1 h at 24°C, washed twice with fresh medium, and allowed to double in fresh medium

at 24°C. Bar, 5 pm.

C or E vps mutant were used to demonstrate that the aploid
and binucleate phenotype of the fabl mutant was an indirect
effect of vacuole size (56).

Vacuole membrane scission is not dynamin mediated. A
BLASTDp database search of the entire S. cerevisiae-translated
open reading frames with shibire, the Drosophila dynamin ho-
molog, and mouse dynamin protein sequences was performed.
Two previously identified open reading frames, Dnmlp (12)
and Vpslp (33), display global homology to dynamin and
shibire. In addition, Mgm1p (16, 20) has high homology to a
159-amino-acid region, including the GTPase domain. Visual-
ization of dnm1-Al, vpsl, and mgmI-Al mutations by FM4-64
labeling clearly demonstrated that these mutations do not pro-
duce enlarged, unlobed vacuoles or the characteristic figure
eight morphology which is characteristic of class III vac mu-
tants (data not shown). This concurs with another study of the

dnml-Al mutant, in which no vacuole membrane scission de-
fect was observed (32a).

vac7 and vacl14 mutants exhibit vacuole acidification defects.
While the wild-type vacuole pH is ~6.0, the vacuole pH of the
fabl-2 mutant is close to 7.0 (56). The other class III mutants,
vac7-1 and vacl4-1 strains, are also defective in vacuole acid-
ification. Quinacrine, a fluorescent weak base, accumulates in
the vacuole when it is protonated by the acidic environment,
thus allowing visualization of wild-type vacuoles (51). vac7-1
and vacl4-1 vacuoles were not labeled by quinacrine (Fig. 5b
and c), indicating that their vacuoles were not acidified. This
defect is not due to a mislocalized vacuolar ATPase. The 60-
kDa subunit of the vacuolar ATPase appeared by indirect
immunofluorescence to be properly localized to the vacuole
membrane in vac7-1 (49) and vacI4-1 and fabl-2 (Fig. 6b and
¢) mutants. The assembly of the ATPase is subunit interde-
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FIG. 5. vac7-1 and vac14-1 mutants have a vacuole acidification defect. Cells were labeled with 200 wM quinacrine in potassium phosphate (pH 7.6)-buffered YEPD
medium and washed twice in fresh medium. (a) Quinacrine staining is evident in the wild type, indicating normal vacuole acidification. (b and c) In both vac7-1 and
vacl4-1 mutants, respectively, vacuoles do not exhibit quinacrine fluorescence, which is indicative of the acidification defect. The photographs were taken by using both

fluorescence and a low level of transmitted light.

pendent; when one subunit is lacking, the other subunits are
not localized to the vacuolar membrane (22).

The vacuole acidification defect of the vacl4-1 mutant was
suppressed by overexpression of wild-type FABI from a cen-
tromere-based plasmid (Fig. 7d), even though the vacuole
morphology was not corrected. FABI expressed from a multi-
copy plasmid also suppressed the vacuole acidification defect
(Fig. 7c) and vacuole morphology defects in more than 90% of
the population (Fig. 3b and 7c). Note that cells at the top of
Fig. 7c contain multilobed vacuoles, whereas cells shown in the
middle and bottom of this figure still exhibit single unlobed
vacuoles, although they are considerably smaller than those in
the original mutant. Although it is possible that vacuole acid-
ification can be affected by increasing the volume of the vac-
uole, this is unlikely since the vac7 vpsI7 mutant, which has
highly vesiculated vacuoles, retains the acidification defect and
the vac14-1 mutant with low-copy FABI has normal acidifica-
tion but swollen vacuoles.

Cloning and sequencing VAC7. VAC7 was cloned by comple-
mentation of a growth defect that the vac7-1 mutant exhibits
on high-pH, high-ethylene-glycol plates. This defect was not
due to a general inability of the vac7-1 strain to grow on
nonfermentable carbon sources or high-osmolarity medium.
The vac7-1 mutant is able to grow on 1.0 M KCI, 1.5 M NaCl
(data not shown), and ethanol-glycerol medium (15). Twelve
clones that contained overlapping inserts and complemented
both the growth defect and vacuolar morphology defect were
isolated. A ~4.0-kb SnaBI-Clal fragment was found to contain
the single complementing open reading frame.

VAC7 was sequenced on both strands to reveal a 3.5-kb open
reading frame, encoding a predicted protein of 1,165 amino
acids. When the sequence of this region of chromosome XIV
was first published by the Yeast Genome Sequencing Project,

there was an error in the middle of this open reading frame
due to inversion of a cosmid (5). This has been corrected, and
the open reading frame sequence has been deposited as
YNLO054W by the Yeast Genome Sequencing Project. There
are no homologies with known proteins. The sequence is PEST
rich throughout, contains an unusually high number of lysines
and asparagines, and has runs of glutamines and aspartates.
Computer analysis (PSORT and hydropathy plot analysis) re-
vealed a potential transmembrane domain of approximately 24
amino acids in a region close to the carboxyl terminus between
residues 919 and 943.

Chromosomal deletion of VAC7. A chromosomal deletion,
vac7-Al, was created by homologous recombination of HIS3
flanked by VAC7 sequence into the diploid strain LWY6212.
Strains were checked for proper integration of VAC7 flanked
HIS3 by colony PCR. The resulting diploid was sporulated, and
15 tetrads were dissected and analyzed. In each tetrad, HIS3
cosegregated with the vac7 phenotype. The chromosomal de-
letion was viable and had a vacuole phenotype similar to that
of the vac7-1 mutant; however, in the vac7-Al mutant, vacuoles
were more swollen and the growth rate decreased even further
(data not shown). The difference in the severity of phenotypes
suggests that the vac7-1 allele retains partial function.

Localization of Vac7p. An HA-tagged VAC7 was created by
double-stranded mutagenesis and subcloning. The HA epitope
was placed between amino acids 330 and 331, which are in a
hydrophilic region of the Vac7p sequence. VAC?7 plasmids with
3, 6, and 12 tandem HA epitopes were obtained. All three
plasmids complemented the vac7-Al vacuole morphology and
inheritance defects and had no effect on a wild-type strain,
RHY6210 (data not shown). Indirect immunofluorescence
showed that triple-HA-tagged Vac7p was localized to the vac-
uole membrane (Fig. 8a and b); it colocalized with a previously

FIG. 6. Although vacI4-1 and fabI-2 mutants display a vacuole acidification defect, the vacuolar ATPase is localized normally. Cells were grown at 24°C to log phase.
fab1-2 cells were shifted to 37°C for 2 h, whereas other cultures continued to be incubated at 24°C. Cells were fixed, converted to spheroplasts, and stained with
monoclonal anti-60-kDa vacuolar ATPase at a 1:50 dilution. This subunit of the vacuolar ATPase was properly localized to the vacuole membrane in wild-type (a),

fabI-2 (at the nonpermissive temperature) (b), and vacI4-1 (c) cells.
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FIG. 7. Suppression of the acidification defect of the vacl4-1 mutant by
FABI. Vacuolar acidification was monitored qualitatively by staining cells with
quinacrine, a pH-sensitive vacuolar dye, as described in Materials and Methods.
(a) Wild-type cells contain normally acidified vacuoles. The acidification defect
of the vacl/4-1 mutant (b) was corrected when the mutant contained FABI
expressed on either a multicopy (c) or single-copy (d) plasmid. Note that FABI
expressed on a single-copy plasmid corrected the acidification defect but not the
vacuole morphology of the vacl4-1 mutant. The photographs were taken by using
both fluorescence and a low level of transmitted light.

characterized vacuole membrane protein, Vac8p (48a). Similar
results were obtained with 6- and 12-HA-tagged Vac7p in both
the vac7-Al mutant and RHY6210 (data not shown). Three-
HA-tagged Vac7p also localized to the vacuolar membrane in
both the vacl4-1 mutant (Fig. 8c) and the fabI-2 mutant at the
nonpermissive temperature (Fig. 8d). Thus, the defects in
vacl4 and fabl mutants are not due to mislocalization of
Vac7p.

To confirm the localization of triple-HA-tagged Vac7p, dou-
ble-label immunofluorescence was performed with antibodies
to both HA and the 60-kDa subunit of the vacuolar ATPase
(Fig. 9a and b). As both antibodies are mouse monoclonal
IgGs, a complicated antibody sandwich was employed. We
reasoned that if one of the mouse IgGs was buried by an
antibody sandwich before the addition of the other mouse
monoclonal antibody, cross-reactivity would be prevented. As
controls, each of the primary antibodies was individually left
out of the sandwich sequence (Fig. 9c through f).

Subcellular fractionation revealed triple-HA-tagged Vac7p
in both a membrane-associated fraction that pelleted at
13,000 X g (P13) and a fraction that pelleted only at 100,000 X
g (P100) (Fig. 10A). The immunoreactive polypeptide mi-
grated to a molecular mass of approximately 150 kDa, which is
slightly larger than the predicted size with three HA tags (132
kDa). The appearance of HA-tagged Vac7p in the P100 frac-
tion may have been due to the method of cell breakage. It is
likely that the use of glass beads resulted in breakage and
vesiculation of a subset of vacuoles. The vacuole membrane
was found predominantly in the P13 fraction; however, the
presence of the 100-kDa subunit of the vacuolar ATPase in the
P100 fraction (Fig. 10B) confirmed that this fraction also con-
tained vacuolar membranes. Unfortunately, more gentle meth-
ods of breakage resulted in the appearance of considerably
lower-molecular-weight forms of HA-tagged Vac7p in the sol-
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FIG. 8. Triple-HA-tagged Vac7p colocalizes with Vac8p, a vacuolar mem-
brane protein. Cells were fixed in 4.4% formaldehyde for 40 min at 30°C. Fixed
cells were converted to spheroplasts and incubated with monoclonal anti-HA
(MMSR101; BabCo) at a 1:200 dilution overnight, followed by affinity-purified
rabbit anti-Vac8p at a 1:50 dilution for 1 h. The primary mouse antibodies were
detected by using Oregon Green-488-conjugated goat anti-mouse IgG (Molec-
ular Probes), and rabbit antibodies were detected by Rhodamine Red-conju-
gated goat anti-rabbit IgG (Jackson ImmunoResearch Labs). Images were col-
lected by using an MRC 1024 scanning confocal head mounted on a Nikon
Optiphot equipped with a 100X oil immersion lens objective. Images were
merged by using Laser sharp software and separated by using Corel Photo-Paint
7 software, and composites were made in Silicon Graphics by using Showcase 3.0
software. The two channels, green (a) and red (b), are shown separately, dem-
onstrating that three-HA-tagged Vac7p (a) colocalized with Vac8p (b) at the
vacuolar membrane. (¢ and d) fabI-2 and vacI4-1 strains, respectively, harboring
the Vac7-3XHA plasmid were incubated only with anti-HA antibody, followed
by Oregon Green-488-conjugated goat anti-mouse IgG.

uble (S100) fraction. Most likely, this reflects the extreme sus-
ceptibility of a portion of HA-tagged Vac7p to proteolysis.

The sequence of VAC7 reveals a putative transmembrane
domain; therefore, to investigate whether Vac7p is a trans-
membrane protein or is peripherally associated, triple-HA-
tagged Vac7p cell extracts were treated with various reagents
(Fig. 10C). Only treatment with 2% Triton X-100 was able to
solubilize Vac7p from the membrane; treatment with 1 M
NaCl or 0.1 M carbonate (pH 11.5) did not extract Vac7p into
the soluble fraction. This suggests that Vac7p is an integral
membrane protein. The amino terminus of Vac7p has 16 pu-
tative glycosylation sites prior to the transmembrane domain,
whereas the carboxy terminus has only 2 glycosylation sites.
The treatment of triple-HA-tagged Vac7p cell extracts with
PGNase did not noticeably alter the migration of triple-HA-
tagged Vac7p on a 7.5% polyacrylamide-SDS gel; however,
this treatment did deglycosylate CPY, resulting in a mobility
shift (data not shown). This result is consistent with the large
amino terminus being exposed to the cytoplasm, as the re-
moval of core mannose oligosaccharides from 16 locations
would have resulted in a visible mobility shift, whereas the
removal of core mannose oligosaccharides from 2 locations
would have changed the molecular mass of Vac7p by only
approximately 5 kDa.

vac7-1 defects are readily corrected in vivo during mating to
wild-type yeast. We monitored the effects of vac7-1 on inter-
vacuole exchange and vacuole morphology in heterozygous
and homozygous zygotes. One of the parental haploids was
labeled with FM4-64 and then mated to an unlabeled haploid.
Vacuole morphology and FM4-64 transfer from the labeled
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FIG. 9. Triple-HA-tagged Vac7p colocalizes with the 60-kDa subunit of the
vacuolar ATPase. Cells were grown, fixed, and converted to spheroplasts as
described in Materials and Methods. They were incubated with monoclonal
anti-HA IgG at a 1:200 dilution for 15 h, followed by 1-h incubations with the
following antibodies added sequentially in this order: goat anti-mouse IgG,
rabbit anti-goat IgG, Oregon Green-488-conjugated goat anti-rabbit IgG, mono-
clonal anti-60-kDa subunit of the V-ATPase at a 1:50 dilution, and finally rho-
damine lissamine-conjugated donkey anti-mouse IgG. Images were merged by
using Laser sharp software and separated by using Corel Photo-Paint 7 software,
and composites were made in Silicon Graphics by using Showcase 3.0 software.
The two channels, green (a, ¢, and ¢) and red (b, d, and f), are shown separately.
As controls, each primary antibody was omitted as follows: no anti-HA IgG
antibody (¢ and d) and no anti-60-kDa subunit of the vacuolar ATPase antibody
(e and f).

strain to the unlabeled parent through the bud was scored in
zygotes with medium-to-large buds. Homozygous vac7-Al/
vac7-Al zygotes could not be analyzed due to the lysis of a
significant number of vac7-Al cells and thus the release of
FM4-64 into the medium. In heterozygous zygotes, vacuole
morphology was corrected quickly and FM4-64 transfer oc-
curred normally (Table 3). In contrast, when vac7-1 was mated
with vac7-Al, the vacuoles in each cell remained single and
unlobed and there was incomplete FM4-64 transfer to the
unlabeled parent in ~60% of cells. This suggests that soluble
components from the wild-type parent are able to correct the
vac7-1 defects. Zygotes had previously been used to demon-
strate that vacuole segregation was not corrected in a vac8/
VACS heterozygote, despite the fact that vac§-1 is a recessive
allele (49). Vac8p is associated with the vacuole membrane
(48a).

The results obtained with vac7 zygotes, despite the vacuolar
membrane localization of Vac7p (see above), can be accounted
for as follows. First, Vac7p may produce or control the level of
a soluble product or metabolite which, being freely diffusable,
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enters the mutant parent and corrects the defects. Second, it is
possible that wild-type Vac7p from the diploid nucleus is ex-
pressed in the zygote and rapidly recruited to the mutant
vacuole.

DISCUSSION

The class III mutants, vac?7, vacl4, and fabl strains, share
defects in vacuole morphology, vacuole acidification, and vac-
uole inheritance. These mutants may be primarily defective in
molecules that are directly required for vacuole membrane
scission. Particularly striking is the high percentage of cells in
which the vacuole spans the mother and bud, with an open gap
at the neck of the mother-bud junction (referred to as open
figure eight structures). These vacuoles are unable to undergo
membrane scission, with the result that the vacuole remains
intact and spans the two cells. Similar structures are observed
adjacent to the plasma membrane in a shibire strain, a Dro-
sophila dynamin mutant (24). The defect in membrane scission
in class III mutants also produces large, unlobed vacuoles. We
have found that an enlarged vacuole alone is not sufficient to
cause either the characteristic open figure eight structures or a
vacuole inheritance defect. Despite these defects, vacuolar
membrane fission can occur at a low rate in some class III vac
mutant cells. This may be due to functionally redundant mem-
brane scission machinery or occasional membrane fusion that
occurs at a low frequency even in the absence of the normally
required molecules. Cytokinesis may also force the completion
of the vacuolar division by bringing the membranes close
enough for scission to occur stochastically. Although the se-
quence of VAC7 reveals no functional clues, Vac7p is an inte-
gral membrane protein that is localized at the vacuolar mem-
brane. This places Vac7p at a position to act in vacuolar
membrane scission either by direct involvement in membrane
function or by regulating the molecules that are responsible for
this specific membrane fusion.

In addition to the proteins required for scission, phospho-
lipids play an important role. The phospholipid content of a
particular membrane gives it distinct characteristics, such as
curvature, rigidity, and permeability. Moreover, each type of
cellular membrane has a distinct phospholipid composition.
An indication that phospholipids play a critical role in vesicle
formation came from the identification of Secl4p as a phos-
pholipid transfer protein that is required to maintain an ap-
propriate PC/PI ratio in the Golgi membrane (39). Further-
more, in vitro studies have determined that the phospholipid
compositions of liposomes affect their fusogenicities (42, 43).
Thus, the phospholipid content of the vacuolar membrane
most likely influences its ability to undergo membrane scission.

Our class III mutants may represent genes that encode pro-
teins which are involved in regulating the phospholipid com-
position of the vacuole membrane rather than proteins that
function in a manner similar to that of dynamin or NSF. Fablp
most likely catalyzes the formation of phosphatidylinositol-4,5-
phosphate [PtdIns(4,5)P] at the vacuole membrane (56). In
addition, vacl4 displays genetic interactions with FABI, sug-
gesting that they function together. The acidification defect of
the vacl4 mutant was suppressed by FABI expressed from a
low-copy plasmid, and the vacuole morphology defect of the
vacl4 mutant was suppressed by FABI expressed from a mul-
ticopy plasmid. We have continued to search for more comple-
mentation groups that exhibit a class III vac defect but have
isolated only more alleles of vac7, vaci4, and fabl (not shown).
Thus, it is appealing to postulate that all three genes are
related and are required for proper polyphosphoinositide con-
tent of the vacuole membrane.
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FIG. 10. Triple-HA-tagged Vac7p is associated with a membrane fraction.
(A) Whole-cell extracts of cells containing the three-HA-tagged Vac7p were
generated through glass bead breakage in cytosol cocktail containing 1 mM
dithiothreitol and protease inhibitors. The crude extract was subjected to differ-
ential centrifugation. Equivalent amounts were loaded in all lanes. Lane 2, pellet

- ’ resulting from 13,000 X g spin (P13); lane 4, soluble fraction remaining after
13,000 X g spin (S13); lane 5, pellet resulting from 100,000 X g spin (P100); lane
97 — 6, soluble fraction remaining after 100,000 X g spin (S100); lane 7, Total crude
extract prior to centrifugation. The proteins were transferred to nitrocellulose,
66— and Western blot analysis was performed. Molecular mass markers (in kilodal-
tons) are shown on the left. (B) The nitrocellulose membrane from panel A was
stripped and reprobed with monoclonal anti-100-kDa ATPase (Molecular
Probes) at a 1:1,500 dilution. The lane designations are the same as those for
45 — panel A. (C) Whole-cell extracts were prepared as described for panel A, divided
into six equal aliquots, and treated on ice for 20 min under one of the following
conditions: 2% Triton X-100, 1.4 M urea, 0.1 M Na,CO; (pH 11.5), 1 M NaCl,
1 M hydroxyamine, or left untreated (buffer added to appropriate volume).
B PI3 S§13 P100S100 T Samples were centrifuged at 150,000 X g for 1 h at 4°C. The resultant superna-
220 — tant fractions (S150) were separated, and pellets (P150) were resuspended in 100
P p P
wl of cytosol cocktail. Equal amounts (as determined by ODs) were separated on
an SDS-7.5% polyacrylamide gel, transferred to nitrocellulose, and probed with
- monoclonal anti-HA antibody (MMSR101; BabCo) at a 1:1,000 dilution.
97 —
66 —
2 4 5 6 I
Untreated Hydroxyamine NaCl Na,C0, Urea Triton
S150 P150 S150 P150 S150 P150 S150 P150 S150 P150 S150 P150
— 220
— pr— — L mmem ——— -
- L —— - -
— 97
— 66

Other evidence which suggests that vacuolar phospholipids
are altered in class I1I mutants is the observation that although
the vacuolar ATPase is localized correctly, the vacuoles in class
IIT mutants are not properly acidified. There is no reason a
priori for an inability to perform vacuole membrane scission to
affect vacuole acidification. Yeast mutants that lack a subunit
of the vacuolar ATPase and are defective in normal vacuole

TABLE 3. Quantification of vacuole morphology and inheritance
in zygotes

% of cells with morphology”

(None; (To bud (Normal; (Normal;

vac7) only; vac7) vac7) normal)
wt X wt 0 0 0 100
vac7 X wt 0 1 4 95
vac7 X Avac7 21 45 33 1

¢ Strains listed in bold were labeled with FM4-64 at 24°C for 1 h. Labeled cells
were washed and chased in 5 ml of YEPD medium for 1 h. Then labeled cells
were mixed with an equal amount of cells of the opposite mating type. Cultures
were incubated at 24°C for 4 to 4.5 h. One hundred forty cells of each cross were
counted. wt, wild type.

® Parenthetical data refer to transfer from the labeled parent (top line) and
vacuole morphology (bottom line).

acidification exhibit wild-type vacuole morphology and inher-
itance (not shown). The simplest explanation of how a single
mutation can affect both vacuole membrane scission and acid-
ification is a mutation that alters the vacuole membrane phos-
pholipid composition. A change in membrane composition
may disrupt the function of an ion channel or change the
permeability of the membrane to protons. Alternatively, the
ATPase may require a specific phospholipid (47), such as
PtdIns(4,5)P or a related metabolite, as a cofactor or to pro-
vide the necessary environment for function. Based on these
data, VAC7, VAC14, and FABI are more likely to be involved
in a membrane function that is required for scission rather
than acting enzymatically as scissors.

Yamamoto et al. proposed that the large vacuoles of the
fabl mutant result from a defect in the efflux or turnover of the
vacuole membrane and concluded that PtdIns(4,5)P is essen-
tial for these processes. We have found that the vacuolar mor-
phology and inheritance defects of the fabl-2 mutant are very
similar to those of the other class III mutants. The presence of
open figure eight structures in the fabl-2 strain suggests that it
too is specifically defective in vacuole membrane scission,
which may account for the defect in membrane turnover.
Membrane efflux likely occurs through vesicle formation and
thus requires scission. Given the genetic interaction between
FABI and VACI4, Vacl4p may function as an activator of
Fablp; thus, when Fablp is overexpressed, it bypasses the
requirement for its activator. This is also consistent with the
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viability and vacuolar phenotype of the vaci4 fabl double
mutant.

The functions of phospholipids, particularly PtdIns(4,5)P, in
the fusion of vesicles with target organelles and in the mem-
brane fusion that occurs with scission may be similar. Several
potential roles of phospholipids, specifically PtdIns(4,5)P, in
fusion can be envisioned. First, PtdIns(4,5)P may dock the
necessary cytosolic proteins to the site of membrane scission or
fusion (18, 29). A second potential role of phosphoinositides in
membrane scission is through signaling. It has previously been
demonstrated that Ca** mobilization through IP; receptors is
required for nuclear fusion (41), in vitro liposome fusion (11),
and the fusion of secretory granules with the plasma mem-
brane (18). Moreover, Ca*>" is stored in the vacuole and IP;
has previously been shown to stimulate its release (4). Third,
the products of phospholipase D and phospholipase C may
create a membrane section that is physically capable of under-
going membrane fusion by changing the phospholipid compo-
sition (18, 38). PtdIns(4,5)P is an activator of phospholipase D
(27) and a substrate of phospholipase C. In artificial liposomes,
increasing the phosphoinositol content decreases the fusoge-
nicity, whereas phosphatidic acid increases fusogenicity (43).
IP; production would also occur with the conversion of
PtdIns(4,5)P to diacylglycerol and ultimately to phosphatidic
acid, thus combining signal production with the change in
membrane composition. The models discussed above are ap-
pealing because of the potential for tight control of the mem-
brane fusion and fission events that are required to maintain
organelle integrity and to coordinate membrane trafficking.

It is likely that class III mutants represent mutations in
molecules that are essential for vacuole membrane scission.
The location of Vac7p is consistent with this role. More de-
tailed studies of the functions of class III ZAC gene products
and phospholipases D and C and of vacuolar Ca** levels will
help to elucidate the molecular mechanisms involved.
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